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ABSTRACT  Currently,  no  reliable  noninvasive  methods  exist  for  monitoring  the  severity  of  in  vivo  cyanide  (CN) 
toxicity,  treatment,  and  resulting  physiological  changes.  We  developed  a  broadband  diffuse  optical  spectroscopy  (DOS) 
system  to  measure  bulk  tissue  absorption  and  scattering.  DOS  was  used  to  optically  monitor  CN  toxicity  and  treatment 
with  sodium  nitrite  (NaNO,).  To  perform  experiments,  the  DOS  probe  was  placed  on  the  hind  leg  of  rabbits.  A  sodium 
CN  solution  was  infused  intravenously.  DOS  and  concurrent  physiologic  measurements  were  obtained.  After  completion 
of  CN  infusion,  NaNO,  was  infused  to  induce  methemoglobinemia  (MetHb).  During  infusion  of  CN,  blood  gas  mea¬ 
surements  showed  an  increase  in  venous  partial  pressure  of  oxygen  (pO,),  and  following  reversal,  venous  pO,  values 
decreased.  DOS  measurements  demonstrated  corresponding  changes  in  hemoglobin  oxygenation  states  and  redox  states 
of  cytochrome-c  oxidase  (CcO)  during  CN  infusion  and  NaNO,  treatment.  Therefore,  DOS  enables  detection  and  moni¬ 
toring  of  CN  toxicity  and  treatment  with  NaNO,. 


INTRODUCTION 

Cyanide  (CN)-based  derivatives  have  been  used  for  centu¬ 
ries  as  poisons  and  chemical  weapons.1-2  As  a  highly  toxic  and 
volatile  substance,  CN  continues  to  pose  a  major  potential 
chemical  threat  to  civilians  and  military  personnel.2-’  There 
are  numerous  sources  of  chemical  CN  exposure  including 
military  and  industrial.  More  commonly,  exposure  to  cya¬ 
nide  occurs  during  house  fires  because  of  the  combustion  of 
plastics  such  as  acrylics  and  acrylonitriles  that  together  with 
carbon  monoxide,  aldehydes,  and  soot  further  worsen  tissue 
hypoxia,  resulting  in  combustion-related  fatalities.4-'0  Studies 
of  residential  fires  have  found  higher  blood  CN  concentrations 
in  deceased  victims  than  in  the  survivors,  suggesting  CN  tox¬ 
icity  may  be  a  major  component  of  morbidity  and  mortality  in 
addition  to  carbon  monoxide  poisoning,  and  combined  expo¬ 
sure  appears  to  increase  the  toxicity  of  both.4-10 

Currently,  there  is  no  rapid  method  to  measure  cyanide  lev¬ 
els  in  the  body.  Urine  and  whole  blood  analysis  are  the  only 
regularly  used  diagnostic  tests  for  cyanide.  These  methods 
both  require  time  for  collection  and  interpretation  of  results.6 
Accurate  determination  of  blood  CN  levels  are  affected  by 
both  the  time  between  exposure  and  specimen  collection 
and  the  conditions  of  blood  storage."-1’  The  cyanide  mole¬ 
cule  becomes  unstable  when  exposed  to  temperatures  higher 
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than  4°C:  therefore,  the  samples  must  be  handled  properly  and 
processed  expeditiously  to  ensure  the  accuracy  of  results.14 
Thus,  the  need  for  rapid  identification  of  patients  exposed  to 
CN  and  the  ability  to  continuously  monitor  response  to  treat¬ 
ment  in  a  field  or  hospital  setting  is  vital. 

The  mechanisms  of  CN  toxicity  are  complex.1516  The  main 
action  of  cyanide  is  an  impairment  of  the  ability  of  tissues  to  uti¬ 
lize  oxygen  through  inhibition  of  cytochrome-c  oxidase,  which 
ultimately  blocks  adenosine  triphosphate  (ATP)  synthesis.’ 
Cytochrome-c  oxidase  is  the  terminal  oxidase  of  the  mitochon¬ 
drial  respiratory  chain  and  transfers  electrons  from  ferrocyto- 
chrome  c  to  molecular  oxygen.17  CN  has  a  high  binding  affinity 
for  active  sites  on  cytochrome-c  oxidase. 2-’-17  20  When  bound, 
the  electron  transport  chain  is  arrested  with  the  near  infrared 
(NIR)  optically  active  copper  core  in  reduced  form,  preventing 
the  donation  of  an  electron.21-25  Progressive  cytotoxic  tissue 
hypoxia  develops  quickly  and  immediate  intervention  is  nec¬ 
essary  to  prevent  toxicity  or  death.18  Thus,  the  need  for  rapid 
identification  is  compounded  by  the  potentially  large  number 
of  people  with  significant  risks  of  severe  injury  from  inten¬ 
tional  or  accidental  mass  casualty  exposure  events. 

Until  recently,  CN  toxicity  treatment  in  the  United  States 
traditionally  involved  the  administration  of  nitrites  to  induce 
methemoglobinemia  (MetHb)  followed  by  delivery  of  thiosul¬ 
fates  to  promote  excretion.’-26-28  This  is  administered  by  hold¬ 
ing  gauze  saturated  with  amyl  nitrite  under  a  patient’s  nose 
until  intravenous  access  is  obtained.  Once  an  intravenous  line 
has  been  established,  amyl  nitrite  is  discontinued  and  sodium 
nitrite  is  administered.  This  oxidizes  the  ferrous  ions  of  hemo¬ 
globin  to  ferric  ion.  The  result  is  methemoglobin,  which 
strongly  binds  to  cyanide  as  cyanomethemoglobin.  After  this 
is  completed,  sodium  thiosulfate  is  administered  to  promote 
the  enzymatic  conversion  of  CN  to  thiocyanate,  which  is 
readily  processed  by  the  body  and  excreted  in  urine.29-’0  This 
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treatment  method  carries  considerable  risks  including  sub- 
optimal  nitrite  dosing,  or  alternatively,  overdosage  leading  to 
excessive  MetHb,  decreased  oxygen  carrying  capacity  because 
of  MetHb  formation  (particularly  when  combined  with  carbon 
monoxide  toxicity),  profound  vasodilation  and  hypotension, 
and  methylene  blue-related  complications.26-31  Although  a 
newer,  less  toxic  treatment  using  hydroxocobalamin  has  been 
recently  approved  by  the  Food  and  Drug  Administration,32  the 
limited  shelf  life,  risk  of  anaphylaxis,  requirement  for  high- 
volume  intravenous  administration,  and  extremely  high  costs 
of  replacing  all  cyanide  treatment  kits  throughout  the  U.S.  has 
slowed  widespread  use.  Although  hydroxocobalamin  has  a 
high  binding  affinity  for  CN,  and  once  bound,  forms  the  non¬ 
toxic  cyanocobalamin  (Vitamin  B12)  MetHb  induction  will 
still  be  widely  available  for  future  CN  toxicity  events.2  '  33  35 
Near  infrared  diffuse  optical  spectroscopy  (DOS)  is  a  nonin¬ 
vasive  optical  technology  with  the  ability  to  simultaneously 
determine  tissue  scattering  and  absorption  properties  and  has 
the  potential  to  provide  capabilities  forCN  toxicity  treatment 
monitoring  by  assessing  the  pathophysiologic  changes  associ¬ 
ated  with  cyanide  toxicity  and  its  reversal. 36"42  These  changes 
include  an  increase  in  oxyhemoglobin,  decrease  in  deoxyhe¬ 
moglobin,  and  an  increase  in  the  reduced  form  of  cytochrome-c 
oxidase  during  the  induction  of  cyanide  toxicity.  Conversely, 
when  cyanide  toxicity  is  reversed  with  sodium  nitrite.  DOS 
has  the  ability  to  follow  (he  decrease  of  oxyhemoglobin, 
increase  of  deoxyhemoglobin,  the  cytochrome-c  oxidase  oxi¬ 
dation.  and  the  increase  of  methemoglobin  in  the  tissue.  The 
ability  of  DOS  to  simultaneously  measure  tissue  scattering 
and  absorption  enables  accurate,  quantitative  determination 
of  the  concentration  of  NIR-absorbing  solutes  in  bulk  tissues 
in  vivo.43"45  We  propose  that  DOS,  which  can  noninvasively 
quantify  tissue  oxy-,  met-,  and  deoxy  hemoglobin,38"41  meth¬ 
ylene  blue  levels,42  as  well  as  changes  in  cytochrome-c  oxi¬ 
dase  redox  states,  would  be  a  potentially  ideal  technology  to 
fulfill  the  need  for  cyanide  toxicity  treatment  monitoring. 

We  have  previously  shown  that  DOS  can  be  used  to  detect 
the  physiologic  events  occurring  during  development  of  CN 
toxicity  in  an  animal  model.46  Therefore,  in  this  study,  we 
extend  the  investigations  to  determine  the  feasibility  of  using 
a  noninvasive  DOS  prototype  device  we  designed  and  con¬ 
structed  to  detect  the  physiologic  and  biochemical  events  dur¬ 
ing  sodium  nitrite-induced  methemoglobin-based  treatment 
of  CN  toxicity  in  a  rabbit  model. 

MATERIAL  AND  METHODS 
General  Preparation 

The  procedures  involving  live  vertebrate  animals  were 
reviewed  and  approved  by  the  fully  accredited  University 
of  California  Irvine  (UCI)  Institutional  Animal  Care  and 
Use  Committee  (IACUC).  Male  New  Zealand  white  rabbits 
(N  =  6)  ( Myrtle’s  Rabbitry  Inc.,  Thompson  Station.  Tennessee) 
weighing  4.0  ±  0.5  kg  were  anesthetized  with  an  intramus¬ 
cular  (IM)  combination  of  Ketamine  HCI  50  mg/kg  (Keta- 


ject.  Phoenix  Pharmaceutical  Inc.,  St.  Joseph,  Michigan)  and 
Xylazine  5  mg/kg  (Anased,  Lloyed  Laboratories,  Shenandoa, 
Iowa),  using  a  23-gauge  5/8-inch  needle.  After  the  IM  injec¬ 
tion,  a  23-gauge,  1-inch  catheter  was  placed  in  the  animal's 
marginal  ear  %'ein  to  administer  intravenous  (IV)  anesthesia.  A 
continuous  infusion  of  0.7  mg/kg/min  Ketamine  and  0.14  mg/ 
kg/min  Xylazine  was  used  as  maintenance  anesthetic  through 
out  the  procedure.  A  plane  2  (loss  of  blink  reflexes,  fixed 
pupils,  regular  respiration  with  ventilator  assistance)  depth  of 
anesthesia  was  maintained  throughout  the  surgery,  by  moni¬ 
toring  the  physical  reflexes  of  the  animal. 

The  animals  were  intubated  with  a  3.0-cuffed  endotracheal 
tube,  which  was  secured  by  a  gauze  tie,  and  mechanically  ven¬ 
tilated  (dual  phase  control  respirator,  model  32A4BEPM-5R, 
Harvard  Apparatus,  Chicago,  Illinois)  at  a  respiration  rate  of 
32/min  and  a  tidal  volume  of  50  niL  and  a  fraction  of  inspired 
oxygen  (FiO,)  of  100%.  A  pulse  oximeter  (Biox  3700  Pulse 
Oximeter,  Ohmeda.  Boulder,  Colorado)  with  a  probe  placed  on 
the  tongue  was  used  to  measure  saturation  of  hemoglobin  with 
oxygen  (SPO,).  Upon  completion  of  the  experiment,  the  ani¬ 
mals  were  euthanized  with  an  intravenous  injection  of  Eutha-6 
(65  mg/kg)  administered  through  the  marginal  ear  vein. 

Systemic  Arterial  Blood  Pressure,  Blood  Gas 
Analysis,  and  Complete  Blood  Counts 

Femoral  arterial  and  venous  cutdowns  were  performed  for 
central  line  placement  to  collect  blood  samples  and  measure 
systemic  pressure.  A  3-inch  incision  was  made  with  a  l()-blade 
scalpel  blade  on  the  shaved,  left  hind  leg  of  the  animal,  and 
blunt  dissection  was  used  to  isolate  the  vein  and  artery. 
A  12-inch  (4  French),  18-gauge  catheter  (C-PMA-400-FA, 
Cook  Inc.,  Bloomington.  Indiana)  was  inserted  into  each,  and 
a  3-way  stopcock  was  placed  on  the  ends.  Systemic  arterial 
pressure  was  monitored  using  a  calibrated  pressure  transducer 
(TSDI04A  Transducer  and  MPI00  WSW  System,  Biopac 
Systems,  Inc..  Santa  Barbara,  California).  Blood  pressure  was 
monitored  to  assure  the  stability  of  the  animal  during  the  proce¬ 
dure.  Blood  was  withdrawn  from  both  the  arterial  and  venous 
lines  and  measured  by  a  blood  gas  analyzer  (IRMA  SL  Series 
2000  Blood  Analysis  System,  Diametrics  Medical  Inc.,  St. 
Paul.  Minnesota)  to  obtain  ABG  and  VBG.  Additional  blood 
was  drawn  from  the  artery  and  was  sent  to  an  outside  facility 
(Antech  Diagnostics,  Irvine,  California)  for  complete  blood 
count  (CBC)  analysis  and  cyanide  levels  of  whole  blood. 

Noninvasive  Measurements  Using  Diffuse  Optical 
Spectroscopy  (DOS) 

Diffuse  optical  spectroscopy  measurements  were  obtained 
through  a  fiber-optic  probe  with  a  light  diode  emitter  and 
detector  at  a  fixed  distance  (1.0  cm)  from  the  source  fiber, 
which  was  placed  in  the  surface  of  the  shaved  right,  hind,  inner 
thigh  of  the  animal.  The  broadband  DOS  prototype  system  we 
constructed 384348  combines  multifrequency  domain  photon 
migration  (FDPM)  with  time-independent  near  infrared  (NIR) 
spectroscopy  to  accurately  measure  bulk  tissue  absorption  and 
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scattering  spectra.  The  DOS  prototype  employs  six  laser  diodes 
at  discrete  wavelengths  (66 1 , 68 1 . 783.  823,  850,  and  9 1 0  nm), 
and  a  fiber  coupled  avalanche  photo  diode  detector  for  the  fre¬ 
quency  domain  measurements.  The  reduced  scattering  coef¬ 
ficients  are  calculated  as  a  function  of  wavelength  throughout 
the  NIR  region  by  fitting  a  power  law  to  these  six  reduced  scat¬ 
tering  coefficients.  The  steady-state  acquisition  is  a  broadband 
reflectance  measurement  from  600  to  1  (XX)  nm  that  follows  the 
frequency  domain  (FD)  measurements  using  a  tungsten-halo¬ 
gen  light  source  (FiberLite  lamp)  and  a  miniature  spectrome¬ 
ter  (Ocean  Optics  USB2000).  The  intensity  of  the  steady-state 
(SS)  reflectance  measurements  are  calibrated  to  the  FD  values 
of  absorption  and  scattering  to  establish  the  absolute  reflec¬ 
tance  intensity.  Finally,  the  tissue  concentrations  of  oxyhe¬ 
moglobin  (OHb)  deoxyhemoglogin  (RHb).  MetFlb,  and  H.O 
are  calculated  by  a  linear  least  squares  tit  of  the  wavelength- 
dependent  extinction  coefficient  spectra  of  each  chromophore. 
We  used  OHb.  RHb,  and  MetHb  absorption  spectra  reported 
by  Zijlistra41'  for  the  subsequent  fitting  and  analysis. 

CN  Infusion  and  Toxicity  Reversal 

A  sodium  CN  solution  of  8  mg/60  cc  normal  saline  was 
infused  over  40  to  60  minutes.  After  this  was  completed,  a 
sodium  nitrite  solution  of  8  mg/mL  was  infused  at  a  rate  of 
1.4  cc  per  minute  for  another  40  to  60  minutes.  Both  solu¬ 
tions  were  infused  through  the  femoral  vein  using  an  auto¬ 
mated  infuser  (GENIE  Plus  Infusion  and  Withdrawal  Syringe 
Pump.  Kent  Scientific,  Torrington,  Connecticut).  During  this 
time  DOS  measurements  were  taken  continuously  and  venous 
and  arterial  blood  gases  were  drawn  every  15  min  for  oxy¬ 
gen  content  and  CN  levels.  Each  set  of  measurements  took  an 
average  of  5  min  to  complete. 


RESULTS 

Figure  1  shows  the  extinction  coefficients  of  the  main  chro- 
mophores  in  the  near  infrared  wavelength  range  between  600 


and  1000  nm.  Figure  I A  shows  the  extinction  coefficients 
of  OHb.  RHb,  and  MetHb  and  Figure  IB  shows  the  extinc¬ 
tion  coefficients  of  the  redox  states  of  cytochrome-c  oxidase, 
water,  and  lipid.39-42-50-51  The  measurement  results  from  broad¬ 
band  DOS  were  compared  with  co-oximetry  data  from  the 
venous  blood  samples. 

In  the  following  sections,  the  concentration  of  chro- 
mophores  is  represented  with  square  brackets.  For  example,  the 
tissue  concentration  of  oxyhemoglobin  is  shown  as  [OHb). 

Figure  2  depicts  the  progression  of  OHb.  RHb.  total 
hemoglobin  (THb),  and  MetHb  fraction  during  CN  infu¬ 
sion  and  after  NaNO,  infusion  quantified  from  the  broad¬ 
band  DOS  measurements.  The  measurements  shown  in  this 
figure  were  acquired  continuously  every  36  seconds  from  a 
single  animal.  Figure  2  clearly  shows  the  increase  in  OHb 
and  decrease  in  RHb  during  CN  infusion  and  the  reversal  dur¬ 
ing  NaNO,  infusion.  The  increase  in  %  MetHb  ( | MetHb]/ 
([OHbJ+[RHb]+[MetHb|)*100%)  following  the  start  of  the 
NaNO,  infusion  started  is  seen. 

From  the  venous  gas  analysis,  the  partial  pressures  of  the 
venous  blood  were  35.1  ±  3.5  mmHg,  46.5  ±  6.2  mmHg,  and 
24.3  ±  2.9  mmHg  at  baseline,  post  CN  infusion,  and  post 
NaNO,  infusion,  respectively.  The  respective  blood  cyanide 
levels  were  0.0.  97  ±  28,  and  407  ±  107  mg/dL.  Both  blood 
analyses  are  indicative  of  cyanide  toxicity. 

Figure  3  details  the  comparisons  between  co-oximetry 
measurements  from  venous  blood  and  noninvasive  broad¬ 
band  DOS  measurements  from  6  animals  at  baseline,  post 
CN  infusion,  and  post  NaNO,  treatments.  Figure  3A  shows 
hemoglobin  concentration  (sHgb)  by  co-oximetry  vs.  broad¬ 
band  DOS  THb  normalized  by  the  respective  baseline  values. 
Both  co-oximetry  and  broadband  DOS  THb  values  decreased 
throughout  the  experiment.  A  similar  trend  in  THb  is  shown  in 
Figure  2.  Figure  3B  shows  the  changes  in  OHb  fraction  from 
the  co-oximetry  and  tissue  oxygen  saturation  (SO,)  from 
broadband  DOS  measurements.  The  co-oximetry  values  were 
obtained  from  venous  blood  samples,  and  the  results  correlated 


FIGURE  1.  Extinction  coefficients  of  main  tissue  chromophores  in  the  near  infrared  wavelength  ranges  between  600  and  1000  nm.  (At  Oxy-,  deoxy.  and 
methemoglobin  extinction  coefficients.  (B)  The  redox  states  of  cytochrome  c  oxidase,  water,  and  lipid  extinction  coefficients. 
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TIME(min) 

FIGURE  2.  Changes  in  oxyhemoglobin,  deoxyhemoglobin,  total  hemo¬ 
globin,  and  methemoglobin  fraction  during  cyanide  infusion  and  after  sodium 
nitrite  infusion  quantified  from  the  broadband  DOS  measurements.  The 
measurements  were  acquired  continuously  every  36  seconds  from  a  single 
animal. 


well  with  pO,  measurements  from  blood  gas  analysis.  Figure 
3C  shows  the  changes  in  %  MetHb  from  both  the  co-oximetry 
and  the  broadband  DOS  measurements.  Figure  3D  shows  the 
changes  in  redox  states  of  cytochrome-c  oxidase  at  the  base¬ 
line,  immediately  post  CN  infusion  and  post  NaNO,  infusion. 
The  results  in  Figure  3D  indicate  that  redox  states  of  cyto¬ 
chrome-c  oxidase  shifted  toward  a  more  reduced  state  during 
the  CN  infusion  and  reversed  back  toward  baseline  values  after 
sodium  nitrite  infusion.  Even  though  a  "gold  standard"  mea¬ 
surement  of  cytochrome-c  oxidase  redox  states  is  not  available, 
the  results  from  blood  gas  analysis,  CN  level  tests,  co-oximetry 
measurements,  and  broadband  DOS  measurements  are  all  con¬ 
sistent  in  indicating  the  development  of  cyanide  toxicity  of  ani¬ 
mals  and  the  subsequent  reversal  of  toxicity. 

Finally,  Figure  4  shows  the  correlation  between  co-oxime¬ 
try  and  broadband  DOS  %  MetHb  values  (r1  =  0.85). 

DISCUSSION 

CN  toxicity  is  potentially  lethal  and  can  progress  very  rapidly. 
Therefore,  early  and  accurate  diagnosis  as  well  as  determina- 


FIGURE  3.  Comparison  between  co-oximetry  measurements  from  the  venous  blood  and  noninvasive  broadband  DOS  measurements  from  6  animals  at 
the  baseline,  post  cyanide  infusion,  and  post  sodium  nitrite  (NaNO,)  treatment.  (A)  Normalized  co-oximetry  hemoglobin  concentration  (sHgb)  vs  THb  by 
the  baseline  values.  (B)  Co-oximetry  oxyhemoglobin  fraction  vs.  broadband  DOS  tissue  oxygen  saturation  (Sp2).  (C)  Percent  methemoglobin  values  from 
co-oximetry  and  broadband  DOS.  (D)  Changes  in  redox  states  of  cytochrome  c  oxidase  (ACcO_oxidized-ACcO_reduced)  measured  by  broadband  DOS.  All 
seven  variables  were  found  statistically  significant  ( p  <  0.05)  by  repeated  measures  analysis  of  variance  (ANOVA)  tests  (SYSTAT  version  10,  SPSS.  Inc.). 
Bars  represent  standard  error. 


tion  of  the  extent  of  exposure  is  essential.  The  only  readily 
available  methods  to  detect  CN  exposure  are  blood  or  urine 
CN  level  tests.52  In  addition  to  the  previously  mentioned  limi¬ 
tations  of  blood  cyanide  level  testing,111'  MetHb  formation 


may  actually  increase  measured  blood  CN  levels  from  release 
of  CN  from  cyanomethemoglobin  during  the  assay  process, 
despite  reversing  the  toxic  effects.526  In  contrast,  noninvasive 
DOS  methods  are  potentially  capable  of  detecting  the  physi- 
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Co  oximetry  (%) 

FIGURE  4.  Correlation  between  co-oximetry  vs.  broadband  DOS  percent 
methemoglobin  values,  r  denotes  Pearson's  correlation  r  value. 


ologic  manifestations  and  biochemical  effects  of  CN  toxicity 
and  treatment  as  seen  in  this  study,  even  though  blood  levels 
of  CN  are  not  directly  measured. 

In  this  study  we  evaluated  the  capabilities  of  DOS  for 
determining  the  physiological  effects  resulting  from  infusion 
of  CN  to  induce  toxicity  followed  by  the  infusion  of  sodium 
nitrite  to  reverse  its  toxic  effects.  This  study  was  based  on 
our  previously  described  CN  model,46  which  was  designed  to 
study  the  capabilities  of  DOS  to  optically  monitor  the  induc¬ 
tion  of  CN  toxicity.  The  prior  study46  showed  that  DOS  was 
able  to  measure  the  severity  of  in  vivo  CN  toxicity  and  result¬ 
ing  physiological  changes  noninvasively.  In  the  current  study, 
we  investigated  the  ability  to  monitor  the  CN  toxicity  treat¬ 
ment  reversal  process  with  DOS.  To  validate  the  results,  DOS 
measurements  were  compared  to  arterial  and  venous  blood 
gases  and  also  with  hemoglobin  co-oximetry  (the  standard 
method  for  blood  sampling). 

The  current  standard  therapies  for  CN  toxicity  include 
either  induction  of  methemoglobinemia  or  direct  binding  of 
CN  with  hydroxocobalamin.  Nitrite-induced  MetHb  produc¬ 
tion  is  used  in  CN  treatment  because  CN  ions  have  a  high 
affinity  for  MetHb  and  Hb  is  present  in  very  high  concen¬ 
trations  in  the  blood.  This  high  affinity  leads  to  binding  of 
CN  in  the  extracellular  space,  which  results  in  transfer  of  CN 
from  cytochrome-c  oxidase  (though  nitrites  may  also  have 
additional  mechanisms  of  action  including  direct  effects 
on  cytochrome-c  oxidase  activity).251628  The  overall  effect 
is  the  removal  of  CN  from  cytochromes  and  unblocking  of 
the  electron  transport  process.  The  first  step  in  methemo¬ 
globin  induction  in  this  treatment  involves  the  inhalation  of 
amyl  nitrite  vapor  followed  by  intravenous  administration 
of  sodium  nitrite  until  the  methemoglobin  level  reaches  the 
desired  10-20%  of  total  hemoglobin.2  A  level  of  MetHb  of 
up  to  20-30%  total  hemoglobin  is  usually  tolerated  well  by 
healthy  adults.2-26 


Although  this  method  of  treatment  may  reduce  the  sever¬ 
ity  of  CN  poisoning,  it  may  also  lead  to  other  physiological 
complications  associated  with  MetHb.  Although  MetHb  mol¬ 
ecules  have  beneficial  effects  in  binding  CN,  they  become 
incapable  of  binding  and  delivering  oxygen  into  tissues.  This 
leads  to  abnormal  oxygen  affinity,  reduced  oxygen-carrying 
capacity,  and  potentially  to  tissue  hypoxia.2  As  the  levels  of 
MetHb  approach  30%,  onset  of  physical  complications  begin 
to  develop  including  dizziness,  fatigue,  and  shortness  of 
breath.1  Consequently,  induction  of  MetHb  may  be  contrain¬ 
dicated  in  patients  with  concurrent  carboxyhemoglobinemia 
(a  frequent  occurrence  with  exposure  to  fires  and  combustion 
of  CN-forming  materials),  because  of  further  decreased  oxy¬ 
gen  carrying  capacity  of  the  blood.1 

Thus,  induction  of  MetHb  for  treatment  of  CN  toxicity 
carries  risks,  and  methods  for  careful  monitoring  of  meth¬ 
emoglobin  induction  and  effects  could  be  of  substantial 
clinical  benefit  in  CN  treatment  as  well  as  MetHb  toxicity. 
Furthermore,  accurate  detection  of  the  appearance  of  MetHb 
during  nitrite  administration  could  potentially  be  useful  as  a 
guide  for  continued  therapy  because  MetHb  binds  cyanide  to 
form  cyano-MetHb  (which  is  not  detected  as  MetHb).26  Thus 
rising  MetHb  concentrations  suggest  that  little  or  no  free  cya¬ 
nide  remains.  In  this  study,  we  show  the  ability  of  DOS  to 
accurately  measure  MetHb  formation  and  concentration  pro¬ 
viding  a  potential  method  for  improving  the  safety  and  preci¬ 
sion  of  the  MetHb  induction  process. 

CcO  is  a  terminal  oxidase  in  aerobic  respiration.  This 
enzyme  is  involved  in  >95%  of  the  oxygen  consumption  in 
the  body  and  is  essential  for  the  efficient  generation  of  cel¬ 
lular  ATP.51  Four  redox  active  metal  centers  are  present  in 
CcO:  two  hemes  (Cyt  a  and  Cyt  a3)  and  two  coppers  (CuA 
and  CuB).  Cyt  a  and  CuA  mediate  electron  transfer  from 
cytochrome  c  to  the  oxygen  reduction  site  that  contains  Cyt 
a3.  and  CuB.  Cyt  a3  is  a  site  for  binding  respiratory  inhibi¬ 
tors  including  CN,  carbon  dioxide,  nitric  oxide,  nitrate,  and 
oxygen.  Their  metal  centers  give  rise  to  absorption  bands 
in  the  near  infrared  region.54  Especially  in  the  NIR  region 
between  600  and  1000  nm,  the  oxidized  states  have  broad 
absorptions  centered  at  830  nm,  which  are  associated  with 
the  CuA  center.  As  these  four  metal  centers  undergo  changes 
in  redox  states,  they  give  rise  to  changes  in  absorption  spec¬ 
tra.  Since  the  spectral  contribution  of  CuB  associated  with 
Cyt  a3  is  reported  to  be  low  (in  the  range  of  0-15%).21 
DOS  can  be  used  to  follow  the  redox  changes  of  CcO  from 
absorption  band  changes  because  of  CuA  and  Cyt  a.  As 
cyanide  binds  to  Cyt  a3  of  CcO,  it  prevents  oxygen  reduc¬ 
tion  by  electrons  leaving  CuA  and  Cyt  a.  As  a  result,  both 
of  these  NIR  optically  predominant  metal  centers  become 
reduced.22  24  The  reduction  of  these  metal  centers  and  bind¬ 
ing  of  CN  ligands  to  CcO  leads  to  the  appearance  of  a  strong 
absorption  band  at  605  nm2125  and  concomitant  absence  of 
absorption  bands  at  655  nm  and  830  nm.”  DOS  can  detect 
the  changes  observed  in  the  near  infrared  absorption  spectra 
of  cytochrome-c  oxidase. 
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Results  from  our  previous  studies  and  this  current  investi¬ 
gation  demonstrate  the  progressive  reduction  of  cytochrome-c 
oxidase  during  CN  toxicity  observed  by  DOS.  These  changes 
are  concurrent  with  the  increase  in  mixed  venous  oxygenation 
measured  by  co-oximetry  and  the  increases  in  tissue  hemo¬ 
globin  saturation  measured  by  DOS.  During  reversal  of  CN 
toxicity  with  the  formation  of  MetHb,  the  cytochrome-c  oxi¬ 
dase  reduction  is  reversed  in  parallel  with  a  decrease  in  mixed 
venous  oxygen  content  and  tissue  hemoglobin  oxygen  satura¬ 
tion  (as  tissues  are  again  able  to  extract  oxygen  from  the  cir¬ 
culating  blood)  as  measured  by  DOS. 

There  is  a  risk  of  development  of  toxic  levels  of  MetHb 
from  excessive  nitrite  administration.  MetHb  can  be  reversed 
with  administration  of  methylene  blue,  a  cofactor  for  NADPH 
methemoglobin  reductase,  an  alternative  enzyme  pathway  in 
methemoglobin  reduction.  In  prior  studies,  we  demonstrated 
the  ability  of  DOS  to  measure  methylene  blue  concentrations 
following  intravenous  administration.42  Continuous  monitor¬ 
ing  of  tissue  hemoglobin  oxygen  saturation  and  cytochrome-c 
oxidation  state  during  MetHb  reversal  should  help  to  ensure 
against  recurrence  of  CN  toxicity  from  premature  reversal  or 
identify  persistent  CN  toxicity  sources. 

Given  this  complexity  of  events  during  CN  toxicity  and 
treatment,  DOS  should  make  it  possible  to  more  reliably, 
safely,  and  noninvasively  monitor  the  phases  of  CN  toxicity, 
MetHb  formation,  and  reversal. 

There  are  a  number  of  limitations  of  the  study.  The  purpose 
of  this  investigation  was  to  demonstrate  feasibility  of  using 
DOS  technologies  for  detection  of  the  physiologic  effects  of 
cyanide  toxicity  and  monitoring  response  to  therapy.  As  such, 
we  did  not  demonstrate  definitive  efficacy  of  MetHb  treatment 
in  comparison  to  control  animals,  nor  in  comparison  to  other 
forms  of  treatment.  Additionally,  CN  levels  remained  high  in 
the  treatment  animals  because  we  did  not  seek  complete  rever¬ 
sal  of  CN.  Because  we  did  not  follow  MetHb  induction  with 
thiosulfate,  CN  was  not  rapidly  excreted  from  the  body,  and 
therefore  remained  in  the  animal  bloodstream.  All  animals  in 
these  studies  are  anesthetized  for  comfort  and  safety  assur¬ 
ances  in  compliance  with  animal  welfare  regulations.  Effects 
of  anesthesia  on  the  physiologic  responses  to  CN  poisoning 
and  response  to  treatment  cannot  be  assessed. 

Specific  DOS  limitations  include  the  fact  that  DOS  mea¬ 
sures  average  tissue  constituents  to  a  depth  of  approximately 
2-4  cm  (at  the  source  detector  separation  of  10  mm  used  here). 
The  current  system  measures  only  one  site,  which  is  placed 
over  muscle,  but  includes  contributions  from  skin  and  fat  lay¬ 
ers.  Regional  variability,  or  specific  organ  dysfunction  that 
are  known  to  occur  with  CN  exposure2  would  not  be  detected 
with  the  current  setup.  Future  designs  with  collection  in  paral¬ 
lel  from  multiple  source-detector  separations  and  sites  could 
reduce  potential  variability  from  these  factors  and  tissue  het¬ 
erogeneity  would  be  better  characterized.  In  addition,  within 
the  DOS  hemoglobin  signals,  there  may  be  some  interference 
of  tissue  myoglobin  or  other  N1R  absorbers  not  accounted  for 
in  the  analysis. 


DOS  appears  to  provide  a  novel  tool  for  future  studies  of 
CN  toxicity  and  reversal,  may  be  helpful  for  studies  compar¬ 
ing  the  safety  and  effectiveness  of  these  various  treatment  reg¬ 
imens,  and  has  potential  to  be  useful  for  a  range  of  clinical 
conditions  where  in-vivo  NIR-absorbing  chromophore  con¬ 
centration  measurements  may  be  beneficial. 
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